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I .  SUMMARY 

T h e   r e s u l t s   o f   t h e   T a s k  I11 d e t a i l e d   d e s i g n  of t h e   p l a i n   b l a d e   c o n f i g u r a t i o n  
t u r b i n e   a r e   p r e s e n t e d .   T h e   c o n s t a n t - i n s i d e - d i a m e t e r   f l o w p a t h  was s c a l e d   t o  a 
28.4 i n c h   e x i t   t i p   d i a m e t e r   f o r   t e s t i n g   i n   a n   e x i s t i n g   a i r   t u r b i n e  t es t  f a c i l i t y .  
F i n a l   v e c t o r   d i a g r a m   c a l c u l a t i o n s   w e r e  made t a k i n g   i n t o   a c c o u n t   s t r e a m l i n e  
s l o p e   a n d   c u r v a t u r e   e f f e c t s .  The  number of vanes   and   b l ades  was s e l e c t e d   b a s e d  
o n   Z w e i f e l   l o a d i n g   c r i t e r i a .  Vane a n d   b l a d e   s e c t i o n   c o o r d i n a t e s   w e r e   g e n e r a t e d  
a n d   d e t a i l e d   d e s i g n   d a t a  was summar ized .   P red ic t ed   t u rb ine   pe r fo rmance  maps 
w e r e   g e n e r a t e d .   S t e a d y   s t a t e   s t r e s s e s   a n d   v i b r a t o r y   b e h a v i o r   w e r e   p r e d i c t e d .  
No s t r e s s   p r o b l e m s   a r e   e x p e c t e d   d u r i n g   a i r   t u r b i n e   t e s t i n g .  



11. INTRODUCTION 

The d e v e l o p m e n t   o f   h i g h - b y p a s s - r a t i o   t u r b o f a n   e n g i n e s   f o r   f u t u r e   a i r -  
c r a f t   p r o p u l s i o n   s c h e m e s   r e q u i r e s   t h e   d e v e l o p m e n t   o f   f a n   d r i v e   t u r b i n e s   w i t h  
i n c r e a s i n g l y   h i g h e r   w o r k   o u t p u t .   T h e   r e q u i r e m e n t s   o f   m i n i m i z e d   w e i g h t   a n d  
s i z e  of s u c h   t u r b o f a n  engines p roduce  a n e e d   f o r   t u r b i n e s   w i t h   i n c r e a s i n g l y  
h i g h   s t a g e   l o a d i n g .  I n  o r d e r  t o  m a i n t a i n   h i g h   t u r b i n e   e f f i c i e n c i e s  a t  h i g h  
s t a g e   l o a d i n g ,   a d v a n c e s  a r e  r e q u i r e d   i n   t h e   t e c h n o l o g y   o f   p r o d u c i n g   i n c r e a s e d  
a e r o d y n a m i c   l o a d   c a p a b i l i t y   i n   t u r b i n e   b l a d i n g  by means  of   improved  design 
t e c h n i q u e s   a n d   h i g h - l i f t   d e v i c e s .  

T h e   s p e c i f i c   o b j e c t i v e s   o f   t h i s   p r o g r a m  a r e  to: 

0 I n v e s t i g a t e   a n a l y t i c a l l y   a n d   e x p e r i m e n t a l l y   a e r o d y n a m i c   m e a n s  
f o r   i n c r e a s i n g   t h e   t u r b i n e   s t a g e   l o a d i n g   a n d   t u r b i n e   b l a d e   l o a d -  
i n g   c o n s i s t e n t   w i t h   h i g h   e f f i c i e n c y   f o r   m u l t i s t a g e   h i g h l y   l o a d e d  
f a n   d r i v e   t u r b i n e   c o n f i g u r a t i o n s .  

0 D e v e l o p   s u f f i c i e n t   d e s i g n   i n f o r m a t i o n   t o   d e t e r m i n e   t h e   r e l a t i v e  
i m p o r t a n c e   o f   c h a n g e s   i n   e n g i n e   s i z e ,   w e i g h t ,   a n d   p e r f o r m a n c e  
a n d   g i v e   p r i m a r y   c o n s i d e r a t i o n   t o   u s e   o f   t a n d c m   r o t o r s   a n d  
s t a t o r s ,   w h e r e   a p p l i c a b l e ,   t o   r e d u c e   w e i g h t   o r   e x t e n d   o r   i m p r o v e  
t h e   b l a d i n g   p e r f o r m a n c e .  

e M o d i f y   a n   e x i s t i n g   t h r e e - s t a g e   h i g h l y   l o a d e d   t u r b i n e   r i g   a n d  
a d a p t   t h e   r i g   t o   a n   o v e r a l l   p e r f o r m a n c e   t e s t   p r o g r a m  of s u f f i c i e n t  
e x t e n t  s o  as t o   o b t a i n   b l a d e   e l e m e n t   p e r f o r m a n c e .  

T h i s  i s  a 2 4 - m o n t h   a n a l y t i c a l   a n d   e x p e r i m e n t a l   i n v e s t i g a t i o n   p r o g r a m   t o  
p r o v i d e  a t u r b i n e   h i g h - s t a g e - l o a d i n g   a n d   h i g h - b l a d e - l o a d i n g   a e r o d y n a m i c  
t e c h n o l o g y   t h a t  w i l l  b e   s p e c i f i c a l l y   a p p l i c a b l e   t o   m u l t i s t a g e   f a n   d r i v e  
t u r b i n e   c o n f i g u r a t i o n s   f o r   a d v a n c e d   h i g h - b y p a s s - r a t i o   t u r b o f a n   p r o p u l s i o n  
s y s t e m   a p p l i c a t i o n .   T h e   p r o g r a m  w i l l  be   d iv ided   in to   two  phases   enccnnpass ing  
n i n e   t a s k  items o f   a c t i v i t y .  

The f i r s t  phase  w i l l  cove r   Task  Items I, I1 and 111 of the  program  which 
a re  t o   i n v e s t i g a t e   r e q u i r e m e n t s   o f   s e l e c t e d   a d v a n c e d   h i g h - b y p a s s - r a t i o   t u r b o -  
f a n   s y s t e m s ,   t o   c a r r y   o u t   p a r a m e t r i c   t u r b i n e   v e c t o r   d i a g r a m   s t u d i e s ,   t o   c o n -  
d u c t  a c a s c a d e  t e s t  a n d   e v a l u a t i o n   p r o g r a m ,   t o   s e l e c t :   o n e   d e s i g n  for f u t u r e  
s t u d y ,  t o  comple t e  a d e t a i l e d   a e r o d y n a m i c   t u r b i n e   d e s i g n  for a n   e x i s t i n g   r i g ,  
t o   c o m p l e t e   t h e   d e t a i l e d   b l a d i n g  aerodynamic d e s i g n   f o r   t h e   r i g ,   t o   p e r f o r m  
d e t a i l e d   b l a d i n g   m e c h a n i c a l   d e s i g n   f o r   t h e   r i g ,   t o   p e r f o r m   t h e   t u r b i n e   r i g  
m e c h a n i c a l   d e s i g n ,   a n d   t o   p r e p a r e   t h e   t u r b i n e   r i g   m o d i f i c a t i o n   d r a w i n g s  
r e q u i r e d   t o   u t i l i z e   t h e   e x i s t i n g   t h r e e - s t a g e   h i g h l y - l o a d e d - f a n   t u r b i n e   r i g .  
The   second  phase  w i l l  cove r   Task  Items I V  t h r o u g h  IX of t h i s   p r o p o s e d   p r o g r a m  
t o   f a b r i c a t e ,   p r o c u r e ,   v i b r a t i o n   b e n c h  t e s t ,  f a t i g u e   e n d u r a n c e   t e s t ,   a n d  
i n s p e c t   t h e   t u r b i n e   r i g   m o d i f i c a t i o n s ;   t o   i n s t r u m e n t   a n d   c a l i b r a t e   t h e   r i g  
v e h i c l e ;   t o   c o n d u c t  a t e s t  program  and t o  r e p o r t   p r o g r e s s ,   a n a l y s i s ,   a n d  
d e s i g n ,   a s  well as t e s t  a n d   p e r f o r m a n c e   r e s u l t s .  
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I 

The   Task  I v e c t o r   d i a g r a m   s t u d y   r e s u l t s   h a v e   b e e n   r e p o r t e d   ( R e f e r e n c e  1). 
B a s e d   o n   t h e   r e s u l t s   o f   t h i s   s t u d y ,  a v e l o c i t y   d i a g r a m  was chosen  fior t h r e e  
h i g h l y   l o a d e d   t u r b i n e   c o n f i g u r a t i o n s :  (1) a t u r b i n e   u s i n g   p l a i n   b l a d e s ,  
(2)  a t u r b i n e   u s i n g   t a n d e m   b l a d e s   a n d  (3 )  a n o t h e r   t u r b i n e   u s i n g   h i g h  l i f t  
d e v i c e s .   T h e   p u r p o s e   o f   t h i s   r e p o r t  is to p r e s e n t   t h e   T a s k  111 d e t a i l e d  
d e s i g n  of t h e   t u r b i n e  using p l a i n   b l a d e s .  
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I I I .  PRELIMINARY DESIGN 

T h e   f a n  t u r b i n e  t o  be i n v e s t i g a t e d  i n  t h i s  program h a v e   t h e   f o l l o w i n g  
d e s i g n   r e q u i r e m e n t s :  

Average P i t c h   L o a d i n g  gJAh q 1 . 5  

E q u i v a l e n t   S p e c i f i c  Work 33.0 B t u / l b  

E q u i v a l e n t   R o t a t i v e   S p e e d  2000 rpm 

Equ lva len t   Weigh t  Flow 70 lb/sec 

I n l e t  Swirl Ang le  0 d e g r e e s  

E x i t  Swirl Angle   Wi thout   Guide   Vanes  2 5 d e g r e e s  

Maximum T i p  Diameter 45 .0  i n c h e s  

Number of S t a g e s  3 

8 7 . 7  

The  rcs:;ults o f  t h e  T a s k  I Vector D i a g r a m   S t u d y   i n d i c a t e d   t h a t   t h e  most 
p r o m i s i n g   t u r b i n e   f o r   t h e s c   r e q u i r e m e n t s   w o u l d  be a c o n s t a n t - i n s i d e - d i a m c t c r  
f l o w p a t h   w i t h  a s tage enerf:y s p l i t  (Ahstace/Ahturbinc) o f  1 1 . 7 %   o n   s t a g e  

o n e ,  3 8 . 3 %  o n   s t a g e  two, and  20.0% on stage t h r e e .   T h e   c c r r c s p o n d i n g  s tage  
aerodynamic   loading ,   (gJAh/2U2) ,   would  be 2 . 1 ,   1 . 7 5 ,   a n d  0 . 8 2  a t  t h e   p i t c h  
o n  s t a g e s   o n e ,  two, and  tb . rcc ,  r e s p e c t i v c i y .   T h i s  was th t ,   t ype  of v e c t o r  
d i a g r a m   c a l c u l a t i o n   w h i c h  was p u r s u e d   i n  t h e  Task 111 p l a i n   h l a d i n g   d e t a i l e d  
d e s i g n  of the   H igh ly   Loaded   Mul t i -S tage   Fan   Dr ive   Turb ine   P rogram.  
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IV. DETAILED D E S I G N  

A.  S C A L I N G  TO A I R  TURBINE R I G  

T h e   d e s i g n   r e q u i r e m e n t s   d e s c r i b e d   a b o v e  were b a s e d   o n   e n g i n e   f a n   d r i v e  
t u r b i n e   r e q u i r e m e n t s   a n d   s p e c i f i c a t i o n s .  A p l a n  was f o r m u l a t e d   t o   m o d i f y  
a n   e x i s t i n g   t h r e e   s t a g e   h i g h l y   l o a d e d   f a n   t u r b i n e   r o t a t i n g   r i g  for t h e  
t e s t  and   pe r fo rmance   phase  of t h i s  p r o g r a m .   T h e   c o n s t a n t - i n s i d e - d i a m e t e r  
f l o w p a t h   s e l e c t e d  was s c a l e d   t o   a n   e x i t   t i p   d i a m e t e r   o f  28 .4  i n c h e s .  

I n   o r d e r   t o   m a i n t a i n   p e r f o r m a n c e   s i m i l a r i t y   b e t w e e n   t h e   f u l l   s c a l e   t u r b i n e  
a n d   t h e   s c a l e d   a i r   t u r b i n e ,   a p p r o p r i a t e   s c a l i n g   f a c t o r s  were a p p l i e d   t o  
t h e   d e s i g n   r e q u i r e m e n t s   t o   a s s u r e   g e o m e t r i c   a n d   d y n a m i c   s i m i l a r i t y .  The 
p a r a m e t e r s   u s e d   f o r   s c a l i n g  were 

T h u s ,   t h e   s c a l e d   f a n   t u r b i n e s   t o   b e   i n v e s t i g a t e d   h a v e   t h e   f o l l o w i n g   d e s i g n  
r e q u i r e m e n t s  : 

Average   P i t ch   Load ing  
2:'vp 1.5 

E q u i v a l e n t   S p e c  i f  i c  Work 3 3 . 0   B t u / l b  

E q u i v a l e n t   R o t a t i v e   S p e e d  3169.0 rpm 

Equivalent   Weight   Flow 28.0 l b / s e c  

Z n l e t   S w i r l  Angle 0 d e g r e e s  

E x i t  S w i r l  Angle   Without  G u i d e  Vanes 5 5 d e g r e e s  

Maximum T i p   D i a m e t e r  2 8 , 4  i n c h e s  

Number of S t a g e s  3 

0.0635 

138.98 
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B. STREAMLINE SLOPE AND CURVATURE EFFECTS 

Having   de t e rmined   t he  most p r o m i s i n g   s t a g e   e n e r g y   d i s t r i b u t i o n   f o r   t h e  
c o n s t a n t - i n s i d e - d i a m e t e r   f l o w p a t h ,   f i n a l   a x i s y m n e t r i c   c a l c u l a t i o n s  were 
p e r f o r m e d   u s i n g  a c a n p u t e r   p r o g r a m   w h i c h   a c c o u n t s   f o r   t h e   r a d i a l   v a r i a t i o n  
i n   s t r e a m l i n e   s l o p e   a n d   c u r v a t u r e .   T h e   v e c t o r   d i a g r a m   a n g l e s   o b t a i n e d  
b y   a c c o u n t i n g   f o r   s t r e a m l i n e   s l o p e   a n d   c u r v a t u r e   a r e   c o m p a r e d   t o   t h e  
v e c t o r   d i a g r a m   a n g l e s   o b t a i n e d   f r o m   t h e   p r e l i m i n a r y   d e s i g n   f r e e   v o r t e x  
C a l C U l a t i O n   i n   F i g u r e s  1 ,  2 ,  and 3. T h e   v a r i a t i o n  in s t r e a m l i n e   s l o p e  
a n d   c u r v a t u r e   e f f e c t e d   a n   i n c r e a s e   i n   t h e   t i p   i n l e t   a n d   e x i t   a n g l e s ,  
and a d e c r e a s e   i n   t h e   h u b  i n l e t  and e x i t  a n g l e s .  

T h e   b l a d i n g   a e r o d y n a m i c   d e s i g n   p r o c e e d e d   u s i n g   t h e   v e c t o r   d i a g r a m   a n g l e s  
w h i c h   a c c o u n t e d   f o r   t h e   s t r e a m l i n e   s l o p e   a n d   c u r v a t u r e   e f f e c t .   T h e  
v e c t o r   d i a g r a m   n o m e n c l a t u r e   a n d   t h e   f i n a l   d e s i g n   v e c t o r   d i a g r a m s   a r e  
shown i n   F i g u r e s  4 and 5. A s u m n a r y   o f   t h e   v e c t o r   d i a g r a m   c a l c u l a t i o n  
r e s u l t s  i s  shown i n  T a b l e  I. 

C. BLADING AERODYNAMIC DESIGN 

1. S e l e c t i o n  of Number of  Vanes  and  Blades 

\'::ne a n d   b l a d e   s o l i d i t i e s  were d e t e r m i n e d   t h r o u g h   s e l e c t i o n  of 
Zweifel N u m b e r s   b a s e d   o n   G e n e r a l   E l e c t r i c   d e s i g n   e x p e r i e n c e   u s i n g  
t h e   Z w e i f e l   l o a d i n g   c r i t e r i a .  The v a n e   a n d   b l a d e   a x i a l   w i d t h s   a n d  
t h e  number  of   vanes  and  blades were set s u c h   t h a t   n o   p e r f o r m a n c e  
loss  w o u l d   b e   e x p e c t e d   d u e   t o   t r a i l i n g   e d g e   b l o c k a g e .  

After t h e  v a n e   a n d   b l a d e   a x i a l  w i d t h s  had  been determined, t h e  
aerodynamic   f lowpath  was f i n a l i z e d   a n d  i s  p r e s r n t e d  i n  F i g u r e  6 .  

2 .  B l a d i n g   P r o f i l c   D e s i g n  

The v a n e   a n d   b l a d e   t h r o a t   o p e n i n g s  were c a l c u l a t e d   u s i n g   t h e  follow- 
i n g   e q u a t i o n s :  

T h e s e   e q u a t i o n s   w e r e   t h e   r e s u l t   o f   a p p l y i n g  t h e  law  of c o n s e r v a t i o n  
o f   mass   be tween   t he   t h roa t   and   downs t r eam of e a c h   b l a d e  row. The 
terms f o r  t h e s e   e q u a t i o n s   a r e  shown i n  F i g u r e  7 .  

The  vane  and b l a d e  h u b ,   p i t c h ,  and t i p  p r o f i l c s  were t h e n  gcsncratcd 
w i t h   t h e   a i d  of a computer   p rogram  in   which  t h e  s e c t i o n   c o o r d i n a t e s  
a r e   d e v e l o p e d   f r o m  a s m a l l  number   o f   numer ica l   inputs .  An a n a l y s i s  
o f   f l o w   c o n d i t i o n s   t h r o u g h   e a c h   b l a d e   s e c t i o n   p a s s a g e  was conduc ted  
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C. 2. CONTINUED 

u s i n g  a p o t e n t i a l  f low cascade a n a l y s i s   c o m p u t e r   p r o g r a m .   D e s i g n  
i t e r a t i o n s   o n   t h e   v a n e  and b l a d e   s e c t i o n   p r o f i l e s  were made u n t i l  
s a t i s f a c t o r y   v e l o c i t y   d i s t r i b u t i o n s   a r o u n d   e a c h   p r o f i l e  were o b t a i n -  
ed. T h e   v a n e   h u b ,   p i t c h ,  and  t i p   s e c t i o n s  were s t a c k e d  on t h e  
t r a i l  i n g  edge. 

T h e   c e n t e r   o f   g r a v i t y  was c a l c u l a t e d  for  e a c h   b l a d e   h u b ,   p i t c h ,   a n d  
t i p  sect ion,  a n d   t h e   s t a c k i n g  a x i s  was l o c a t e d  t o  p a s s   t h r o u g h   e a c h  
s e c t i o n   c . g . .  A sununary of p a r a m e t e r s   d e s c r i b i n g   t h e   b l a d i n g   d e s i g n  
is  p r e s e n t e d   i n   T a b l e s  11 t h r o u g h  VII. F i g u r e  7 d e f i n e s   t h e s e   p a -  
rameters. T h e   f i n a l   v a n e   a n d   b l a d e   h u b ,   p i t c h ,   a n d   t i p   a i r f o i l  
f l o w p a t h s   a n d   v e l o c i t y   d i s t r i b u t i o n s  are p r e s e n t e d   i n   F i g u r e s  8 
t h r o u g h  43.  

A computer   program was employed t o  g e n e r a t e   t h e   c o o r d i n a t e s  of the 
s e c t i o n s   i n t e r m e d i a t e  t o  t h e   h u b ,   p i t c h ,   a n d   t i p .   S e c t i o n s  were 
i n t e r p o l a t e d  a t  lo%, 30%, 70%. and 90% t r a i l i n g  edge h e i g h t   f o r  
e a c h   v a n e   a n d   b l a d e .   T h e s e   c o o r d i n a t e s  were t h e n   u s e d  t o  g e n e r a t e  
t h e   p r e c i s i o n   m a s t e r s   r e q u i r e d   f o r   t h e   f a b r i c a t i o n  of t h e   v a n e s   a n d  
blades.  Reduced   cop ie s  of the   vane   and  blade p r e c i s i o n  masters are 
p r e s e n t e d   i n   F i g u r e s  44 t h r o u g h  49 .  F i g u r e s  50 t h r o u g h  55 show t h e  
s t a c k e d   v a n e   a n d  blade s e c t i o n s   f o r  each blade row. 

D. PERFORMANCE 

The  performance of t h e  o n e - s t a g e ,   t w o - s t a g e ,   a n d   t h r e e - s t a g e   c o n f i g u r a -  
t i o n s  was p r e d i c t e d  wi .  t h   t h e  a i d  of t h e  " A n a l y t i c a l   P r o c e d u r e   a n d  Comput- 
er P r o g r a m   f o r   D e t e r m i n i n g   t h e   O f f - D e s i g n   P e r f o r m a n c e  of Axial   Flow 
Turbines" (Ref   e r ence  2 ) .  

Turb ine   pe r fo rmance  maps f o r   e a c h   c o n f i g u r a t i o n  a re  p r e s e n t e d   i n   F i g u r e s  
5 6  t h r o u g h  70  i n   t h e   f o l l o w i n g   f o r m a t :  

2 )  E q u i v a l e n t   w e i g h t   f l o w  vs. t o t a l - t o - t o t a l   p r e s s u r e   r a t i o  

3 )  E q u i v a l e n t   s p e c i f i c   w o r k  vs. t o t a l - t o - t o t a l   p r e s s u r e  r a t i o  

4 )  T o t a l - t o - t o t a l   e f f i c i e n c y  vs. b l a d e - j e t   s p e e d   r a t i o  

5) E q u i v a l e n t   s p e c i f i c   w o r k   v s .   w e i g h t   f l o w   s p e e d   p a r a m e t e r   w i t h  
l i n e s   o f   c o n s t a n t  t o t a l - t o - t o t a l  p r e s s u r e   r a t i o ,   c o n s t a n t  speed 
a n d   w i t h   e f f i c i e n c y   c o n t o u r s .  

T h e   t u r b i n e   e x i t  swirl maps s h m n  i n  F i g u r e s   7 1   t h r o u g h  7 3  a r e   b a s e d   o n  
c a l c u l a t i o n s   d e r i v e d   f r o m   t h e  rotor  b l a d e  e x i t  v e c t o r   d i a g r a m   a n a l y s i s .  
The swirl a n g l e  is p r e s e n t e d  as a f u n c t i o n  of t h e   e x i t   f l o w   f u n c t i o n ,  
( N r G / P  1 a n d   s p e e d   p a r a m e t e r ,  (w2). 
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V .  MECHANICAL DESIGN 

A .  VIBRA’KIRY  BEHAVIOR 

I n   t h e   a n a l y s i s   o f  a t i p   s h r o u d e d  blade, t h e   f u n d a m e n t a l   q u e s t i o n  becomes 
o n e   o f   c h o o s i n g   t h e   a p p r o p r i a t e   s h r o u d   b o u n d a r y   c o n d i t i o n s  for  b o t h   v i -  
b r a t o r y   a n d   s t e a d y - s t a t e   o p e r a t i o n .   C o n d i t i o n s  are g e n e r a l l y   c h o s e n   o n  
t h e  basis of s u c h   f a c t o r s  as b l a d e   l e n g t h   v e r s u s   d i s c   s t i f f n e s s ,   s h r o u d  
c o n f i g u r a t i o n ,  etc.  T h u s ,   s e v e r a l  sets o f   c o n d i t i o n s  were c h o s e n   i n   a n  
a t t e m p t  t o  s i m u l a t e   v a r i o u s   m o d e s  of b e h a v i o r .  From t h o s e   c o n d i t i o n s ,  
t h e  modes  which  seemed most l i k e l y  t o  o c c u r  were e x t r a c t e d   a n d  are  
d e s c r i b e d  below. 

C a n t i l e v e r e d  Mode - C a n t i l e v e r e d  a t  t h e   b a s e  of t h e   s h a n k ,   f r c e   a t  
t h e   t i p   s h r o u d .   T h i s   c o n d i t i o n  was u s e d   o n l y  t o  d e t e r m i n e   t h e  
a m o u n t   o f   s t e a d y - s t a t e   t i p   s h r o u d  t w i s t  or u n t w i s t   a n d  t o  o b t a i n  
lower b o u n d s   o n   c e r t a i n   r e s o n a n t   f r e q u e n c i e s .  

O u t  of P h a s e  Mode - F i x e d  a t  t h e  base of t h e   s h a n k ,   p i n n e d  a t  t h e  
t i p   s h r o u d .   T h e   f l e x u r e   a n d   t o r s i o n  modes o b t a i n e d   f o r   t h e s e  
c o n d i t i o n s  w i l l  p r o b a b l y   e x i s t   u n d e r   o p e r a t i n g   c o n d i t i o n s .  

Whflel  Mode - F i x e d  a t  t h e  base o f   t h e   s h a n k ,   r e s t r a i n e d  a t  t h e   t i p  
s h r o u d   i n  a l l  d i r e c t i o n s   e x c e p t   a x i a l l y .   S i m u l a t e s   b l a d e   b e h a v i o r  
i n  a wheel mode. T h e   f l e x u r e ,   a x i a l ,   a n d   t o r s i o n  modes o b t a i n e d   f o r  
t h e s e   c o n d i t i o n s  w i l l  e x i s t  u n d e r   o p e r a t i n g   c o n d i t i o n s .  

F r e e  S l i p  Mode - Yixed a t  t h e  base of t h e   s h a n k ,   a d j a c e n t   t i p  
sh-rouds allowed to s l i p   r e l a t i v e  t o  e a c h   o t h e r .   ’ r h c   a x i a l   a n d  
t o r s i o n  modes o b t a i n e d   f o r   t h e s e   c o n d i t i o n s  may e x i s t   d u r i n g  
t u r b i n e   o p e r a t i o n .   S t e a d y  stresses o b t a i n e d   f o r   t h i s  set of c a n d i -  
t l o n s  a re  p r o b a b l y   t h e  most rea l i s t ic .  

A l t h o u g h   t h e   a b o v e   f o u r   c o n d i t i o n s   a p p e a r  t o  y i e l d   v a l u c s   c o v e r i n g  a 
w i d e   r a n g e   o f   f r e q u e n c i e s ,   t h e   r e s u l t s  a re  q u i t e   c o n s i t e n t   a n d   h a v e  
been   reduced  t o  a set sf “Most P r o b a b l e   F r e q u e n c i e s   o f   V i b r a t i o n ”  as 
shown on Campbell   Diagrams i n   F i g u r e s  74 t h r o u g h  76 a n d   t a b u l a t e d  below. 
The most p r o b a b l e   f r e q u e n c i e s   o f   v i b r a t i o n   r e p r e s e n t   f r e q u e n c i e s  a t  t h e  
d e s i g n   s p e e d ,   a n d  small d i f f e r e n c e s   r e s u l t i n g   f r o m   t h e   v a r i o u s   t i p   s h r o u d  
b o u n d a r y   c o n d i t i o n s   h a v e   b e e n   a v e r a g e d   o u t .  

Most P r o b a b l e   F r e q u e n c i e s  of V i b r a t i o n  ~~ 

Modes Used To - Mod e S t a g e  1 S t a g e  2 S t a p e ,  3 O b t a i n   A v e r a g e s  

F i r s t   F l e x u r e  3656 CPS 219 1 c p s  1242 c p s  
F i r s t   A x i a  1 1402 84 9 5 14 1, 3, 4 
F i r s t   T o r s i o n a l  4 194 2573 174 1 
Second Flexure Above 7 068 4635 2s 3 
Second Tors i o n a  1 Opera t i n g  495 1 338 7 2 s  3 s  4 

2, 3 

2, 3, 4 

Range 
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A .  CONTINUED 

F r e q u e n c i e s  were calculated o n l y  a t  t h e   d e s i g n   s p e e d ,   a n d   f r e q u e n c y  
v e r s u s  RPM c u r v e s  are r e p r e s e n t e d   o n   F i g u r e s  74 t h r o u g h  76 as s t r a i g h t  
l i n e s   t h r o u g h   t h e s e   p o i n t s .  Most of the   modes  w i l l  e x h i b i t  a c h a n g e   i n  
f r e q u e n c y   w i t h  RPM due t o  t h e   t e m p e r a t u r e   e f f e c t   a n d   c e n t r i f u g a l   s t i f f e n -  
i n g ,  but t h e s e   e f f e c t s  w i l l  n o t   c h a n g e   t h e   c o n c l u s i o n s   d i s c u s s e d  below 
a n d   t h u s   h a v e   b e e n  ignored. E s t i m a t e d   v i b r a t o r y   c a p a b i l i t i e s  are 
s u m m a r i z e d   i n   T a b l e  V I I I .  

I t  does nc)t a p p e a r   t h a t   t h e r e  w i l l  be a n y   s i g n i f i c a n t   r e s o n a n c e s ,  
p a r t i c u l a r l y  of t h e  lower o r d e r   v i b r a t o r y  modes ( F i r s t   F l e x ,   F i r s t  
A x i a l ,   F i r s t   T o r s i o n ,   a n d   S e c o n d   F l e x ) ,   w i t h i n   t h e   o p e r a t i n g   s p e e d  
r a n g e  fo r  t h e   s t a g e  two blade. 

T h e   s t a g e   o n e   b l a d e   F i r s t   F l e x   n a t u r a l   f r e q u e n c y   h a s  a n o z z l e   p a s s i n g  
r e s o n a n c e   ( 6 4 / r e v )   n e a r   t h e   d e s i g n   s p e e d .   I n   a d d i t i o n ,   t h e   F i r s t   T o r s i o n  
mode i s  w i t h i n  5% o f   b e i n g   r e s o n a n t  a t  design speed .   However ,   uncor rec t ed  
g a s   b e n d i n g  stresses, t r a d i t i o n a l l y   a n   i n d i c a t o r  of t h e   l e v e l   o f   s e p a -  
r a t e d   f l o w   v i b r a t o r y   r e s p o n s e ,  are  lower t h a n   t h o s e   e n c o u n t e r e d   i n  cer- 
t a i n   e n g i n e   d e s i g n   e x p e r i e n c e .   T h i s  f a c t  w o u l d   i n d i c a t e   s u b s t a n t i a l  
m a r g i n ,   w i t h i n   t h e  realm o f   d e s i g n   p r a c t i c e ,  t o  a c c o u n t   f o r   a n y  aero- 
d y n a m i c   p e c u l i a r i t i e s   w h i c h  may be p r e s e n t   n e a r   r e s o n a n c e   i n   t h e  air 
t u r b i n e .  Also i n c l u d e d   i n   t h i s   m a r g i n   w o u l d  be p o s s i b l e   d i f f e r e n c e s  
from f u l l - s c a l e   e n g i n e s   i n   c a l c u l a t e d  limits d u e  t o  m a t e r i a l s ,   t e m p e r -  
a t u r e s ,   a n d   l o a d i n g .   T h e   p r i m a r y   c o n c e r n  is g e n e r a l l y   g i v e n  t o  t h e  
p o s s i b i l i t y  of lower o r d e r  r e s o n a n c e s  (1-10 c y c l e s   p e r   r e v o l u t i o n ) .   T h e  
a n a l y s i s   s h o w e d   n o   s u c h   r e s o n a n c e s  amcmg t h e  "Most P r o b a b l e  Modes o f  
V i b r a t i o n "   f o r   t h e   s t o g e   o n e   b l a d e .  See F i g u r e  7 4 .  On t h e  basis of t h i s  
i n f o r m : i t i o n ,  i t  i s  e x p e c t e d   t h a t  n o  s c , r i o u s   v i b r a t o r y  stress problems w i l l  
be e n c o u n t e r e d   d u r i n g  a i r  t u r b i n e   t e s t . i n g .  

The siage t h r e e   b l a d e   h a s  a "Most P r n b a b l c   F i r s t   A x i a l "  mode w i t h  a 10 
c y c l e   p e r   r c v o l u t i o n   r e s o n a n c e  at  a p p ~ w x i m a t e l y  80% d e s i g n   s p e e d .  See 
F i g u r v   7 6 .  As n o t e d   a b o v e ,  lower ordtur r e s o n a n c e s  a r e  g e n e r a l l y  of 
major i m p o r t a n c e .   C o n c e r n   f o r   t h i s   p a r t i c u l a r   r e s o n a n c e   c a n  be minimized 
when o n e   n o t e s   t h a t   t h e   s t i m u l i  are 10 s t r u t s   a p p r o x i m a t e l y  15 i n c h e s  
f o r w a r d   o f   t h e  stage t h r e e  blades,  w i t h   t h r e e   s t a g e s  of vanes   and  two 
s t a g e s  of b l a d e s   i n   b e t w e e n  t o  w e a k e n   t h e   s t i m u l i .  

B. STEADY-STATE BEHAVIOR 

S t e a d y - s t a t e   m e c h a n i c a l  stresses were c a l c u l a t e d  for t h e   F r e e   S l i p   t i p  
s h r o u d   b o u n d a r y   c o n d i t i o n s .   T h e s e   c o n d i t i o n s  were f e l t  t o  be t h e  most 
realist , ic for s t e a d y - s t a t e   o p e r a t i o n .   T h e  stresses ( c e n t r i f u g a l   a n d  
gas bending)  were f o u n d  t o  be q u i t e  l o w  for a l l  t h r e e   s t a g e s .   T h e  

9 



B. CONTINUED 

s t e a d y - s t a t e  stress resul ts  are p r e s e n t e d  i n  T a b l e  VIII. The results of 
t h e   a n a l y s i s   s h o w e d   t h a t   t h e   s h r o u d s   o n  all t h r e e  stages l o c k   u p   t h r o u g h -  
ou t  t h e   e n t i r e   o p e r a t i n g   r a n g e  of s p e c d .  

C. KEY DETAIL DRAWINGS 

T h e   m e c h a n i c a l   d e s i g n   f l o w p a t h  for t h e  a i r  t u r b i n e  test r i g  is shown i n  
F i g u r e  7 7 .  Key detail drawings u s e d  for t h e   a s s e m b l y  of t h e  test r i g  
are l is ted i n   T a b l e  I X .  

REFERENCES 

1. Evans ,   D .C . ,   " Inves t iga t ion  of a H i g h l y   L o a d e d   M u l t i s t a g e   F a n   D r i v e  
T u r b i n e ,  Report f o r   T a s k  I - Vector Diagram S t u d y , "  NASA CR-1862, 
J u l y ,   1 9 7 1 .  

2 .   F l a g g ,  E . E . ,  " A n a l y t i c a l   P r o c e d u r e   a n d   C o m p u t e r   P r o g r a m   f o r   D e t e r m i n i n g  
the   Of f -Des ign   Pe r fo rmance   o f   Ax ia l -F low  Turb ines , "  NASA CR-710, March, 
1966. 
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Table I. Vector  Diagram  Calculation  Results 

T I  0 
P I  0 
UG 0 

DEL H 
WRcriP 1 

DH/T 1 
# / U T  1 
ETA T t  
E T A  IS 

€ . Y A  .AT  

P-TO/PT2 

H R i A j P S 2  
T T Z i T Y O  

U R l j T T O  

P T R  1 
7 T R  1 

PS -2 
T T  2 
PT. 2 

UP/V!  
U R / V I  
P S I  P 
P S I .  -R 

R X  P 
R X  R 

ALPHA 0 
1 S T A T O R  

B E T A  1 A  
L R O T O R  
ALPHA 2 
DEET& R 

H i  
Hi R T  
MR 1 A  

H R I A  R T  
HA 2 

HR2 T I P  
MF 26 

E i T H  C R  
N/RTH C R  

WRTUCRE/D 

P T O j P S l  

P i O i P S 2  

P S  1 
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Z O O  IO 700; 0 
3 0 , 0 0 0  30,000 
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2 0 ;  860 
5 7 . 5 9 9  

2 3 . 5 3 1  
7 5 8 . 8  

253  5 

- 4 7 5  . 6 
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CASE 1; 2 
INTER-STAGE PERFORMANCE. 
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CASE 1; 2 
INTER-STAGE PERFORWANCE 

" 

22;340 
- 3 5 9  I9  
1 3 5 5  * 2 

8 4 . 1  
375.3 

. _ .  . .. 

26 I 3i-9 
549 I 5  

11 I 4 4 3  
38 1 2 0 1  

0 u 1 0 1  
5 9 4 , 7 1 3  
361.780 
4 4 7  I 356 

5 1 7 . 1  
9 . 4 2 7  

0.04921 
0 . 5 3 3 1 4  

2 6  m 880  
-367 3 

- 4 2 0 1  5 
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CASE 1. 2 
INTER-STAGE PERFORMANCE 

-23s. 4 
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Table 11. STAGE ONE VANE DESIGN DATA 

Parameter 

Diameter .   ( t ra i l ing  edge,   in . )  

orl, (degrees) 

Jr Zwei, 
Aw, ( in . )  

t, ( in . )  

n 

ndo (Cf = .975 q V  = .97) 

do = ndo/n, (in.) 

incompressible 

te ,   ( in . )  

t e / ( t e  + do) 
Chord, ( in .  ) 

tmax, max thickness  ( in.)  

Unguided turning (degrees) 

Overturning  (degrees) 

Wedge angle  (degrees) 

Precis ion Master No. 4012241-942 

Hub 
17.8 

61.13 

.748 

.99 

.874 

- 

28.16 

.440 

.020 

.043 
1.316 

.153 

10.8 

0 

6.5 

Pi tch 

20.38 

58.87 

.7 63 
1.16 

1.0 

64 

34.50 
.539 

.020 

.036 

1.476 

.179 

10.0 

1.0 

7 .O 

Tip 
22.96 

60.17 

.733 

1.33 

1.127 

37.38 

.584 

.020 

.033 

1.721 

.205 

9.8 

1.6 

8.5 
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Table 111. STAGE TWO VANE DESIGN DATA 

Parameter 

Diameter ( t r a i l i n g   e d g e ,  in.) 

orl, (degrees) 

JIZwei, incompressible  

Aw,  (in.) 

t, ( in . )  
n 

nd, (C, = .975 lv = .97) 

do = n d d n ,   ( i n . )  

t,, ( in . )  

t e /  ( t e  + do) 

Chord, ( i n . )  

L a x  * max th ickness  (in.) 

Unguided turn ing   (degrees)  

Overturning  (degrees) 

Wedge angle   (degrees)  

Precision  Plaster No. 4012261-944 

- Hub P i t c h  Tip 
17.8 21.455 25.11 

61.37 58.53 58.23 

- 

.777  .757  .7 30 

.91 

.518 

27.43 

.254 

.020 

.073 

.99 1 

.087 

9.0 
0 

4.5 

1.175 

.624 1 

108 

36.07 

.3 34 

.020 

.056 

1.278 

. lo4 
9.0 

-.3 

5.0 

1.44 

.7 30 

42.55 

.394 

.020 

.048 

1.556 

.122 

8 . 2  

0 

4.6 
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Parameter 

TABLE Iv. STAGE THREE VANE DESIGN DATA 

Diameter (trai l ing  edge,  in) 

al , (degrees) 

JI Zwei  9 

Aw, ( i n . )  

incompre s s ib  le 

t, ( i n . )  

n 

"do (Cf = ,975 '1" = .97) 

do = ndo/n ( i n .  ) 

t e ,  ( i n . )  

t e / ( t e  + do) 

Chord, ( i n .  ) 

tmax, max thickness ( i n . )  

Unguided turning  (degrees) 

Overturning  (degrees) 

Wedge angle (degrees) 

Precision Plaster No. 40122q1-946 

Hub - 
17.8 

56.99  

.860 

1.0 
,559 

31.2 

.312 

.020 

.060 

1.062 

.09 

8.8 

. 7  

5.5 

Pitch 

22.61 

52.2 

.a79 

1.3 

.7 10 

100 

44.5 

.445 

.020 

043 

1.37 i i  

. lo9  
8 .1  

1.0 

5 . 3  

Tip 

27.42 

51.65 

.a52 

1.6 

.861 

54.6 

e 546 

. o m  

.035 

1.681 

,128 

6 . 4  

2.8 

5 .0  
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TABLE v. STAGE ONE  BLADE DESIGN DATA 

Parameter 

Diameter  (trailing  edge, in.) 
A (degrees) 

p2  (degrees) 
Ap (degrees) 

JIZwei, incompressible 

A w ,  (in.) 

t, (in.) 

n .  
ndo (Cf = .97 ?B = .95) 

d., = ndo/n, (in.) 

t,, (in.) 

te/(te + do) 
Chord, (in. ) 

tmaxs max thickness (in.) 

Unguided  turning (degrees) 

Overturning  (degrees) 

Wedge  angle  (degrees) 

Precision )-aster No. 40122isl-948 

Hub 

17.8 
55.0 

58.60 

113.595 

.953 

.91 

. 528 

- 

29,89 
-282 

,020 

.066 

- 9 2  5 
-117 

12.0 

1 . 2  

6.5 

P i t c h  

20.86 

48.63 

5 7 . 6  

106.23 

1.003 

.96 

.6 1824 

10 6 

35.93 
.3 39 

.020 

.056 

1.004 
. lo4 

11.3 

1 . 0  

5 . 0  

Tip 

23.92 

4 3 3 0  

60.15 

103.75 
. 9  70 

1.01 
. 709 

38.27 

.361 

.020 

,052 

1.113 

.09 
11.1 

1.6 

3.7 



Table VI. STAGE TWO BLADE  DESIGN DATA 

Parameter 

Diameter   ( t ra i l ing  edge,   in . )  

P1 (degrees) 

P2 (degrees) 

Ap (degrees) 

JIZwei’  

A W ,  ( i n . )  

t, ( in . )  

n 

ndo (Cf = .97 TB = .95) 

do = ndo/n, ( i n . )  

incompress ib le 

teJ ( i n . )  

t e / ( t e  + do) 

Chord, ( in . )  

tmax max t h i ckness   ( i n . )  

Unguided turn ing   (degrees)  

Overturning  (degrees) 

Wedge angle   (degrees)  

Precis ion  Master  No. 4012241-950 

Hub 

17.8 
54.24 

57 .02  

111.26 

.961 

- 

.98 

.548 

31.01 

.304 

.020 

. 0 62 

.996 

. 101 

10.5 

1.6 

5.5 

Pitch 

21.94 

44.3 

55.8 

100.1 

1.028 

- 

1.03 

.676  

102 

39.37 

.386 

.020 

.049 

1.085 

.09G 

11.0 

2.5 

5.0 

Tip 
26.08 

34.6 

58.11 

92.71 

.978 

1.08 

,803 

43.96 

.431 

.020 

.044 

1.207 

.091 

11.1 

3.3 

4.0 
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Table VII.  STAGE THREE BLADE DESIGN DATA 

Parameter 

Diameter ( t ra i l ing   edge ,   in . )  

01 (degrees) 

& (degrees) 

Ap (degrees) 

$Zwei, incompressible 

Aw, ( i n . )  

t ,  ( i n . )  

n 

nd, (Cf = .97 qg = . 95 )  

do = ndo/n, (in.) 

t e ,   ( i n . )  

t e / ( t e  + do> 

Chord , ( in .  ) 

max th ickness   ( in . )  

Unguided turning  (degrees) 

Overturning  (degrees) 

Wedge angle (degrees) 

Precision  >laster No. 4012241-952 

Hub 

17.8 

45.45 

35.31 

80.762 

.937 

- 

1.22 

.499 

46 .26  

.413 

.020 

.046 

1.24 

.090 

9 . 8  

-2.2 

7 . 2  

Pitch 

23.1 

27.1 

41.6 

68.7 

1.001 

- 

1 .OS 

,648 

112 

55.10 

.492 

.020 

.039 

1.084 

.075 

10.0 

1.0 

5 . 2  

28.4 

5 .6  

58.06 

63.66 

.9 19 

.88 

.797 

47.82 

.427 

.020 

.045 
1.128 

.06 

10.0 

3 . 4  

3.0 
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Table VIII. STEADY-STATE  MECHANICAL STRESSES AND 
ESTIMATED VIBRAlYlRY  CAPABILITIES 

Mechanical S t r e s s e s  ( k s i )  

A i r f o i l  Hub 

0 c e n t  r i f   ugal  
amaximum gas  bending (LE) 
(3 r e s u l t a n t   s p a n  wise LE 

stress ( f r e e   s l i p  mode) TE 
Hi-c 
Midcv 

auncorrected  gas   bending LE 
(1 m i and m m i ,  f r e e  TE 

s l i p  mode) H i - C  
Uidcv 

ocor rec t ed   gas  b e n d i n g  LE 
(1 m i and m m i, TE 

f r e e   s l i p  m o d e )  H i - C  
Midcv 

Under Tip Shroud 

o c e n t r i f u g a l  
(5 r e su l t an t   span  wise Is 

stress ( f r e e   s l i p  mode) TE 
H i -  c 
Midcv 

Est imated  Vibratory  Capabi l i t ies  

‘mean = uc + ? m i  + Ommi (ksl )  
a t  Hub LE ( 0 neglected)  

t herma 1 

Estimated T (OF) 
HLE 

Stage 1 Stage 2 Stage  3 

6.27 
16.91 
23.31 
22.40 
-3.81 
3.47 

13.03 
13.15 
-7.98 
-2.18 

12.63 
12.75 
-7.73 
-2.11 

9.60 
27.66 
37.49 
32.27 
-5.02 
4.47 

17.55 
16.06 
-9.74 
-3.38 

16.36 
14.95 
-9.08 
-3.15 

3.55 4.85 
8.75 21.44 
6.84 18.46 
1.11 -3.33 
2.68 1.37 

23.18  37.26 

25 6  176 

Estimated Minimum Margin  33.5  28.4 
Vibratory  Allowable  Stress 

( k s i s a )  (Based on A I S 1  410 S t a i n l e s s  
steel average  s t rength less three 
s t anda rd   dev ia t ions )  

9.41 
14.43 
23.79 
18.68 
2.39 
8.07 

14.18 
14.77 
-8.33 
-1.63 

11.41 
11.58 
-6.62 
-1.30 

7.18 
27.56 
22.54 

2.17 
- .84 

23.84 

113 

36.3 
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T a b l e  IX. KEY DETAIL DRAWING SUMMARY 

Drawing No. 

4013097-726 

-727 

-72 8 

-731 

-734 

-735 

- 736 

-737 

-738 

-739 

-740 

-74 1 

-742 

-74 3 

-744 

-745 

-746 

-74 7 

-748 

- 749 

-750 

-751 

-752 

- 753 

-754 

- 755 

-756 

-75 7 

-758 

T i t  le - 
Spacer, O u t e r   H o u s i n g  - Stage 2 

Hous ing ,   Inne r  I n l e t  
Spacer, O u t e r   H o u s i n g  - Stage 3 

H o u s i n g ,   O u t e r   I n l e t  

Ring, Seal-Stage 1 

Ring,  Back Up - Stage 1 

Ring,  Back Up - Stages 2 & 3 

Shroud,  V a n e  - I n n e r   S t a g e s  2 & 3 

Vane, T u r b i n e  - Stage 1 

Vane ,   Turb ine  - S t a g e  2 

Vane, T u r b i n e  - S t a g e  3 

Shroud ,   B lade  - O u t e r ,  S t  age 1 

Shroud,   Blade  - O u t e r ,  Stage 2 

Shroud ,   Ou te r -B lade ,   S t age  3 

B l a d e ,   T u r b i n e  - Stage 1 

B l a d e ,   T u r b i n e  - S t a g e  2 

B l a d e ,   T u r b i n e  - S t a g e  3 

S h r o u d ,   T u r b i n e   B l a d e  - St  age  1 

Shroud ,   Turb ine   B lade  - Stage 2 

Shroud ,   Turb ine  Blade - Stage 3 

Blade A s s e m b l y ,  T u r b i n e  - Stage 1 

Blade Assembly ,   Turb ine  - S t a g e  2 

Blade Asse&ly ,   Turb ine  - S t a g e  3 

H o u s i n g ,   I n s t r u m e n t a t i o n  - I n n e r  

Spacer 

Adapter  - Bearing Housing  

Housing  Assembly - S t a g e  1 

Housing  Assembly - Stage 2 

Housing  Assembly - Stage 3 
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Drawing No. 

4013097-760 

-761 

-762 

-763 

- 764 

-765 

-767 

-768 

-769 

Table IX. KEY DETAIL DRAWING SUhWU%Y (Concluded) 

TI t le - 
Shroud, Vane, Stage 1 

Shroud, Vane, Stage 2 

Shroud, Vane, Stage 3 
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Figure 1.  Effect of Flowpath Slope and Curvature on Angles, Stage One, 
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Figure 2. Effect of Flowpath  Slope and Curvature on Angles, Stage Two. 
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Figure 3 .  Effect   of  Flowpath Slope  and Curvature on Angles, Stage  Three. 
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Figure 4. Vector Diagram Nomenclature. 
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Numbers Shown on Vector Diagrams are Angles i n  Degrees and Mach  Numbers 

Figure 5 .  Vector Diagrams. 
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Figure 6 .  Aerodynamic Flowpath. 
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Figure 7. Design  Data Nomenclature, 
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Figure 8 .  Stage One Vane Hub Airfoil Flowpath. 
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Figure 9. Stage  One Vane Hub Velocity Distribution. 
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Figure 10. Stage One Vane P i t c h  Airfoil Flowpath. 
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Figure  11.  Stage One  Vane Pitch  Velocity  Distribution. 
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Figure 12. Stage One Vane T i p  Airfoil Flowpath. 
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Figure 13. Stage One Vane T i p  Velocity  Distribution. 
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Figure 14. Stage One Blade Hub Airfoil Flowpath. 
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Figure 15. Stage One Blade Hub Velocity Distribution. 
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Figure 16. S t a g e  One Blade P i t c h  Airfoil Flowpath. 

42 



w P 

n 

+" +"" " 
c!2 - ,90 -.RO - . IU - .FjZ - . s o  - . u ' I  -.30 - . 2 0  - .  10 

;ir!R?!5L I7E3 x 

Figure 17. Stage One Blade Pitch  Velocity  Distribution. 
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Figure 18. Stage One Blade T i p  Airfoil Flowpath. 
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Figure  19.  Stage One Blade T i p  Velocity  Distribution. 
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Figure 20. Stage Two Vane Hub Airfoil Flowpath. 
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Figure 21. Stage Two Vane Hub Velocity Distribution. 
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Figure 22. Stage Two Vane Pi tch  Airfoil Flowpath. 
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Figure 23. Stage Two Vane Pitch  Velocity  Distribution. 
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Figure 24. Stage Two Vane T i p  Airfoil Flowpath. 
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Figure 26. Stage W o  Blade Hub Airfoil Flowpath. 
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Figure 27. Stage Two Blade Hub Velocity Distribution. 
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Figure 28. Stage Two Blade P i tch  Airfoil Flowpath. 
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Figure 29. Stage Two Blade  Pitch  Velocity  Distribution. 
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Figure 30. Stage Rso Blade Tip  Airfoil Flowpnth. 
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Stage Two Blade T i p  Velocity  Distribution. 
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Figure 32. Stage Three Vane Hub Airfoil Flowpath. 
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Stage Three  Vane Hub Velocity Distribution. 
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Figure 34. Stage  Three Vane P i t c h  Airfoil Flowpath. 
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Figure 35. Stage  Three  Vane  Pitch  Velocity Distribution. 
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Figure 36. Stage Three Vane T i p  Ahrfoil Flowpath. 
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Figure 37.  Stage Three Vane T i p  Velocity  Distribution.' 
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Figure 38. Stage Three  Blade Hub Airfoil Flowpath. 
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Figure 39. Stage  Three Blade Hub Ve loc i ty   D i s tr ibut ion .  
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Figure 40. Stage Three B l a d e  Pitch  Airfoil Flowpath. 
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Figure 41. Stage  Three Blade Pitch  Velocity Distribution. 
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Figure 42. Stage Three B l d o  Tip  Airfoil Flowpath. 
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Figure 43. Stage Three Blade T i p  Velocity  Distribution. 
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Figure 45. Stage One Blade Precision Master (4012241-948). 
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Figure 46. Stage Two Vane Precision Master (4012241-944). 
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Figure 47.  Stage Two Blade  Precision  Master  (4012241-950). 
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Figure 48. Stage Three Vane Precision Master (4012241-946). 
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Figure  49. Stage Three  Blade Precision Master (4012241-952). 
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Figure 50. Stare One Vane Stackup (4012241-943). 
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Figure  51.  Stage One Blade Stackup (4012241-949). 
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Figure 52. Stage Tw6 Vane Stackup (4012241-945). 
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Figure 5 3 .  Stage Two Blade  Stackup  (4012241-951). 
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Figure 54. Stage Three Vane Stackup (4012241-947). 
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Figure 55. Stage Three Blade Stackup  (4012241-953). 
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Figure 56. Equivalent Torque vs. Total-to-Total  Pressure  Ratio,  One- 
Stage Configuration. 
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Figuke 57. Equivalent Weight Flow vs.   Total-to-Total  Pressure Ratio, One- 
Stage Configuration. 
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Figure 58. Equivalent  Specific Work vs. Total-to-Total Pressure 
Ratio, onestage Configuration. 
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Figure 59. Total-to-Total E f f i c i e n c y  v s .  Blade-Jet Speed Ratio, One-Stage Configuration. 
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Figure  61.  Equivalent Torque v s .  Total-to-Total  Pressure  Ratio, 
Two-Stage Configuration. 
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F i g u r e  62. Equivalent  Weight Flow vs. Total-to-Total  P r e s s u r e  Rat io ,  Two- 
Stage  Configuration.  

88 

I 



0 Deaim P o i n t  

1 . 4  1.8 2 . 2  2 . 6  3 .O 3 .4  

T o t a l - t o - T o t a l   P r e s s u r e  Ratic, PTo/PTa 

Figure 63. Equivalent  Specific Work vs. Total-to-Total 
Pressure Ratio, TweStage Configuration. 
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Figure 64. Total-to-Total Efficiency VS. Blade-Jet Speed Ratio, Two-Stage Configuration. 
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Figure 65, Equivalent  Specific Work vs. Weight Plow - Speed Parameter, Two-Stage Configuration. 
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Figure 66. Equivalent Torque vs. Total-to-Total Pressure Ratio, Three- 
Stage Configuration. 
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Figure 67. Equivalent Weight  Flow vs. Total-to-Total Pressure Ratio, Three-Stage Configuration. 



Figure 68. Equivalent Speci f ic  Work vs. Total-to-Tota1 
Pressure Ratio, Threestage  Configuration. 
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Figure 69. Total-to-Total  Efficiency v s .  Blade-Jet Speed Ratio, Three-Stage Configuration. 
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Figure 70. E q u i v a l e n t   S p e c i f i c  Work v s .  Flow-Speed  Parameter, Threestage Configuration. 
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Figure 72. Swirl Yap, Two-Stage  Configuration. 
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Figure 73. Swirl Map, Three-Stage Configuration. 
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Figure 74. Most Probable Modes of Vibration, Stage  One Blade. 
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F i g u r e  75. Most Probable  Modes of V i b r a t i o n ,   S t a g e  Two B l a d e .  
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Figure 76. Most Probable Modes of Vibration,  Stage Three  Blade. 
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Figure 77. Mechanical Design Flowpath. 
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